We have sequenced and defined the expression during rat embryogenesis of the protocadherin fat, the murine homologue of a Drosophila tumour suppressor gene. As previously described for human fat, the sequence encodes a large protocadherin with 34 cadherin repeats, five epidermal growth factor (EGF)-like repeats containing a single laminin A-G domain and a putative transmembrane portion followed by a cytoplasmic sequence. This cytoplasmic sequence shows homology to the b-catenin binding regions of classical cadherin cytoplasmic tails and also ends with a PDZ domain-binding motif. In situ hybridization studies at E15 show that fat is predominately expressed in fetal epithelial cell layers and in the CNS, although expression is also seen in tongue musculature and condensing cartilage. Within the CNS, expression is seen in the germinal regions and in areas of developing cortex, and this neural expression pattern is also seen at later embryonic (E18) and postnatal stages. No labelling was seen in adult tissues except in the CNS, where the remnant of the germinal zones, as well as the dentate gyrus, continue to express fat.
Introduction
Cadherins are important regulators of cell-cell adhesion during morphogenesis (Takeichi, 1995) . The observation that some human breast cancer cells have mutations in Ecadherin (Berx et al., 1995) suggests a further role for cadherins in the control of cell proliferation. In keeping with this, a Drosophila tumour suppressor gene called fat has been shown to encode a large protocadherin comprising 34 cadherin-like extracellular repeats, five epidermal growth factor (EGF)-like repeats with two regions homologous to the globular domain of the laminin-A chain on either side of the last EGF repeat, a transmembrane sequence and a putative cytoplasmic region (Mahoney et al., 1991) . Drosophila homozygous for loss-of-function mutations in fat show overgrowth of the imaginal discs as a result of excessive cell proliferation, with the resulting larval phenotype giving the gene its name (Bryant et al., 1988; Mahoney et al., 1991) . Given that protocadherins can also function as cell-cell adhesion molecules like classical cadherins (Obata et al., 1995; Bradley et al., 1998) , a vertebrate homologue of fat might, therefore, be an important regulator of both adhesion and proliferation during development. Fat has also been identified in both human (Dunne et al., 1995) and mouse (Skarnes et al., 1995) , with expression in the human documented in a variety of fetal epithelia; however, the expression pattern in intact embryos has not been documented and forms a necessary step in any experimental approach to the function of this molecule.
In experiments using previously described degenerate PCR primers (Sano et al., 1993) and cDNA synthesized from RNA obtained from the CG-4 oligodendroglial cell line (Louis et al., 1992 ) a 267nt product was amplified and sequenced, and comparison with the database revealed greater than 85% homology with human fat. The human fat cDNA encodes an identical number of cadherin and EGF repeats to the Drosophila homologue, but only has a single laminin A-G domain situated between the first and second EGF motif (Dunne et al., 1995) . Our initial sequence showed homology to cadherin repeats 31-32 of the human fat homologue. We cloned and sequenced the entire cDNA as described in Section 2. The 14746nt full-length fat cDNA contains an ORF of 4589 amino acids with a 5′-and 3′-UTR of 195 and 781nt, respectively (Fig. 1A,B) . As expected, we found an identical number of extracellular cadherin repeats in rat and human fat, with the sequence highly conserved (87.9%) throughout the entire molecule. The arrangment of the EGF repeats and the laminin A-G domain was identical to human fat (Fig. 1A,B) . The 241 aa region in the cytoplasmic domain was particularly highly conserved, being 97.5% identical to the human sequence and all the six substitutions were conservative in nature. As in human fat (Dunne et al., 1995) , this domain contains sequences homologous to the b-catenin binding region of the classical cadherins. In addition, we noted a putative PDZ-domain binding sequence (TEV, conforming to the X-Thr/Ser-X-Val-COOH motif (Doyle et al., 1996) ) at the C-terminal end of rat fat. Interestingly, this sequence is also present in the human (TEV) but not the Drosophila (EYV) homologue. PDZ domains are found in a number of proteins associated with cell-cell junctions, and this observation emphasizes that vertebrate fat may have acquired functional properties not present in the Drosophila homologue.
We next performed in situ hybridization studies to examine expression during embryogenesis. No expression was seen at E8. At E15, however, there was widespread expression as shown in Fig. 2A-D . Expression was seen in olfactory, oral, intestinal and respiratory epithelium, with the latter revealed by labelling in the larynx, trachea and lung. Developing glomeruli in the kidney were also labelled. In addition to this epithelial labelling, fat expression was seen in muscles within the tongue and aortic outflow tract, as well as in condensing cartilage within spinal column, ribs and limb buds. We also noted a high level of expression in the developing CNS (including spinal cord), with labelling extending through most of the thickness of the neuroepithelium of the developing forebrain.
To examine CNS expression in more detail, we sectioned through the entire CNS in E18 embryos, newborn (P0) and postnatal day 7 (P7) pups and adult rats. At E18 fat expression was seen throughout the entire neuraxis in the cells next to the ventricles, with more extensive labelling within the regions of the cortex containing the germinal or ventricular zones (VZ) adjacent to the lateral ventricles ( Fig. 1E-H) . In these sections, we also noted expression in the epithelial layers of the developing eye (in both retinal and lens epithelia) and ear. At postnatal day 0 (newborn, P0) we found persistence of the high levels of expression in the VZ, with lower levels present in the newly-formed subventricular zone (SVZ) and over the surface of the cortical plate near the midline (Fig. 3A,B) . No labelling of the corpus callosum white matter tract was seen (Fig. 3A,B) . A similar pattern was seen at P7 (not shown), although the labelling over the cortex was less marked and, in addition, labelling of the dentate gyrus in the developing hippocampus was seen. To extend this work on CNS expression we also examined different cell populations in culture. Northern blot analysis of RNA from uncommitted neural precursor cells grown from the VZ and SVZ in culture as neurospheres (Reynolds et al., 1992) showed a single bane of~15 kb, a similar size to that found for human fat mRNA (Dunne et al., 1995) (Fig.  1C) . A 15 kb band was also seen with probes complementary to sequences encoding the initial cadherin repeats and part of the cytoplasmic domain, confirming that the 15 kb band represents fat mRNA. Consistent with the conclusions from the in situ hybridization studies showing no expression in developing white matter tracts, precursor cells of the oligodendrocyte lineage (Raff, 1989 ) expressed levels of fat mRNA less than that seen in the neurosphere cells, and the differentiated oligodendrocytes did not express fat.
Finally we examined expression in adult rat tissues. No expression was seen in lung, kidney, intestine, skeletal muscle, heart, liver, spleen or thymus (not shown). However, expression was seen in the adult CNS in three locations; the subependymal zone that forms the remnant of the VZ in the adult, the dentate gyrus and the granule cell layer of the cerebellum ( Fig. 3C-E) . Given the predicted adhesive function of fat and the genetic evidence for a role in growth control, the observation that fat is expressed in the subependymal zone and dentate gyrus, where cell proliferation can continue throughout life, is of interest. Taken together with the restricted pattern of embryonic expression, these results show that further experiments examining the role of fat in development and plasticity are required within the CNS and other tissues.
Materials and methods

Cell culture
Neurospheres, oligodendrocyte precursor cells and oligodendrocytes were grown as previously described (Milner and ffrench-Constant, 1994; Jacques et al., 1998) .
PCR and 5′/3′-RACE-PCR
Initial cDNA clones of cadherin-like molecules were obtained by PCR using two degenerate primers and cDNA transcribed from RNA extracted from the CG-4 cell line. Thirty-five cycles of PCR (94°C for 1.5 min, 60°C for 2 min, 72°C for 3 min, followed by a final extension time of 8 min at 72°C) gave a product of 267nt that was cloned into pCRscript (Stratagene, La Jolla, CA) and sequenced. Using 3′-RACE PCR and the nested primer pairs P3/Px1-P4/Px2, as shown in Fig. 1A , we generated a larger clone of 4.8 kb which was cloned into pCR-script and sequenced. Subsequently, in the light of the high homology among the already known rat cDNA region and the human counterpart, we generated the forward primers from the human sequence and used these with reverse primers from the already identified rat sequence to amplify the 5′-distal rat fat cDNA regions. In this way using the primer pairs P2/P1, P6/P5, P8/P7 and P10/P9, we consecutively obtained four overlap-ping cDNA clones as shown in Fig. 1A . To obtain the most 5′ cDNA sequence we used the 5′-RACE PCR and the primer pairs P11/Px3 and P12/Px3 as in Fig. 1A . The primer sequences for the 5′/3′-RACE PCR were: Px1 (5′-CGACGGCCAGTGAATTGTAATACGACT-3′), Px2 (5′-GTAATACGACTCACTATAGGGCGAATTGGG-3′) and Px3 (5′-GACCACGCGTATCGATGTCGAC-3′). The primers used for the intervening sequence were P1 (5′-GTC-TTCGCTGACCACTGTGGTGTA-3′), P3 (5′-GCTCCCA-TGGCTATTACCTGACTGTG-3′), P4 (5′-CGTGGCGA-CCGTGAACATCAACATCA-3′), P5 (5′-TGTCCTTTT-GTTCCCTGTCGAGAG-3′), P7 (5′-CGGGTGCATTAT-CATTCTGGTCTTCC-3′), P9 (5′-TGAAGGATGACA-GAGGCACCACAC-3′), P11 (5′-AGCCTGCCAGTCAA-AACAACCACACC-3′) and P12 (5′-GTGGCACTGAC-TCTGGCGATACTGGT-3′) from rat sequence and P2 (5′-AAGTACCACGGATGCTGATTCTGn-3′), P6 (5′-TTACTCCATCACCGAAGGCAACAn-3′), P8 (5′-GGACGCCGGAAGAGATGGGGAGAn-3′)and P10 (5′-ATTCTCGGAGACTTTTGCTTTCTAAn-3′) from human sequence.
Northern blot analysis and in situ hybridization
Ten micrograms of total RNA from each cell type were separated on a 1% agarose gel under denaturing conditions and transferred to a nylon membrane (Hybond N + , Amersham). The filter was then hybridized for 16 h at 42°C to a 32 P-labelled PCR fragment corresponding to nts 9018 to 10239 of the rat fat coding sequence (cadherin repeats 28-32) and obtained by PCR amplification with CG-4 Fig. 2 . In situ hybridization using fat probes. A longitudinal section through an embryonic day 15 (E15) rat is shown in panel A. See text for a discussion of the labelling pattern, which is shown in red. NE, neuroepithelium; LV, lateral ventricle; DC, diencephalon; MB, midbrain; MO, medulla oblongata; SC, spinal column; TO, tongue; LA, larynx; TR, trachea; H, heart; SP, spinal cord; R, rib; LU, lung; LI, liver; K, kidney; C, cartilage; LB, limb bud. Panels B-D show higher power views of (B) liver lung and intestine (C) heart and aorta and (D) nasal cavity: I, intestine; ST, stomach; OT, outflow tract; AO, aorta; VB, forming vertebral bodies; NC, nasal cavity. Scale bars, 2 mm in (A), l mm in (B-D). Panels E-H show sections through the head of an E18 embryo to illustrate the expression of fat in the CNS. The plane of each section is shown in the schematic. Note the labelling adjacent to the entire ventricular system, with more extensive labelling in the regions of the lateral ventricles. EY, eye; OB, olfactory bulbs; TO, tongue; LV, lateral ventricles; TV, third ventricle; EA, ear; FV, fourth ventricle. Scale bar, 3 mm. Fig. 3 . Panels A and B show coronal sections through a new-born (P0) rat brain; note the labelling of the ventricular zone (VZ) and subventricular zone (SVZ). Regions of the cortex superficial to the corpus callosum (CC) are also labelled, but the CC itself is unlabelled. Panels C-E show sections of adult brain. Note that the forebrain subependyma (SE in Panel D, the remnant of the VZ) remains labelled, with no other labelling seen in the forebrain at this age. The dentate gyrus (DG) within the hippocampus (Panel C) is labelled, as is the granule cell layer of the cerebellum (GCL in Panel E) Scale bars, 1 mm.
cDNA and using primers 1 and 2 (Fig. 1A) . Further Northern analyses were also performed using a Cla1-EcoRV fragment (nt 13414-14021, encoding part of the cytoplasmic domain) from the clone generated by 3′-RACE PCR and a Xho1 fragment (nt 400-1789, cadherin repeats 1-6) from a longer clone covering the first ten cadherin repeats. For the in situ hybridization (Schaeren-Wiemers and Gerfin-Moser, 1993) we used digoxigenin-labelled cRNA probes (spanning nts 9018-10239) generated from templates obtained by PCR and containing SP6 or T7 RNA polymerase promoters included in the sequence of the forward primer, and hybridization on frozen sections of rat brain of different ages as stated in the text for 16 h at 68°C.
